A new frequency-modulated continuous wave modulation scheme, which gives correct results even when the Doppler shift is larger than the frequency difference associated with the range, is presented and tested with a tunable laser diode and fiber-based system. By inserting a constant frequency region in the modulation scheme, both the magnitude and the sign of all beat frequencies can be determined. When they are known, the correct frequency difference as a result of the range can be calculated. This new scheme gives more freedom when choosing the modulation parameters of the laser, because increasing the modulation frequency, and/or the frequency sweep, to avoid ambiguities resulting from a large Doppler shift no longer becomes necessary. This is especially useful when using a somewhat cheaper laser diode source, since the maximum obtainable modulation frequency and frequency sweep can be somewhat limited. The suggested modulation scheme makes it possible to use some laser diodes in an application they otherwise would not be suited for. © 2002 Society of Photo-Optical Instrumentation Engineers.
Introduction
Frequency-modulated continuous wave ͑FMCW͒ is a range and radial velocity measuring technique well known from the field of radar applications. The reflected part of an outgoing frequency modulated wave (w1) is mixed with a local oscillator wave (w2), and as a result the frequency difference between the two signals can be obtained. If the frequency modulation is chosen as a triangular wave, both radial velocity and range of the target can be determined from the frequency difference, usually referred to as beat frequency. By using a tunable laser as the source, with the light frequency as the carrier frequency and a photodiode as detector, the beat frequency can be extracted directly from the photodiode current. This phenomena, usually referred to as the ''self-mixing effect,'' is due to the fact that the photodiode delivers a current proportional to the squared sum of the two electrical fields w1 and w2. The most common type of lasers used are diode lasers of DFB or DBR type, CO 2 , or Nd:YAG. [1] [2] [3] [4] [5] [6] [7] [8] [9] Systems can be built either as classical open Michelson interferometers or with optical fibers. Our intended application is indoor range measurements of distances up to 10 m against a diffuse reflecting surface.
General FMCW Theory

Self-Mixing Effect
If the received electrical field is denoted as E r cos( r t ϩ r ), and the local oscillator electrical field is denoted E lo cos( lo tϩ lo ), the optical power received by the photodiode, ignoring reflections at the photodiode, will equal ⌽͑t ͒ϭ A Z ͓E r cos͑ r tϩ r ͒ϩE lo cos͑ lo tϩ lo ͔͒ 2 , ͑1͒
where A is the active area and Z is the characteristic impedance of the medium in front of the detector. By expanding Eq. ͑1͒ and removing terms with frequencies too high for the photodiode to respond to, the current from the diode can be expressed as
where f ϭ2 b is the beat frequency, R is the responsivity of the detector, and i b is the direct current in the detector, which can include both dark current and current generated by background light. It should also be pointed out that Eq. ͑2͒ is only valid when the two waves have the exact same polarization states, and that polarization mismatch degrades the performance.
Modulation
The simplest modulation scheme consists of a sawtooth wave that only allows range measurements to a stationary target. The more sophisticated FMCW scheme used today is displayed in Fig. 1 . It has the advantage that both range R and radial velocity can be calculated from two measured beat frequencies f 1 and f 2 . The time T e ϭ2R/c in Fig. 1 represents an error interval, corresponding to the flight time to target and back, where no useful measurements can be made. If we assume that the range and velocity of the target are constant during one modulation period, f 1 and f 2 can be expressed as
where f R is the magnitude of the frequency difference due to the range and f D is the Doppler shift. If ͉ f D ͉Ͻ f R , the frequency f R can be expressed as
and f D as
If ͉ f D ͉Ͼ f R , the frequencies would instead have to be calculated from
͑8͒
If we have determined the correct values of f R and f D , the range and radial velocity can be calculated. Since the modulation parameters T mod and ⌬ f are known, f R will depend on the range according to
The range R can then be calculated from
and the radial velocity v t of the target is given by
where is the optical wavelength. If the distance between source and target decreases, the sign of f D , and hence v t , will be positive.
Problem Description and Background
When using triangular modulation, it is commonly assumed that ͉ f D ͉Ͻ f R and the maximum allowed Doppler shift is hence upper bonded by f R , since Eqs. ͑5͒ and ͑6͒ give incorrect results if ͉ f D ͉Ͼ f R . To deal with larger Doppler shifts, it hence becomes necessary to increase ⌬ f and/or f mod ϭ1/T mod , thereby increasing the value of f R for a given range. However, depending on the laser source used, this may not be a practical solution. Both parameters are commonly upper bounded, and the performance will suffer if they are increased too much. One example of this is the one section DFB laser used in the experiments described in Sec. 6. In a one-section laser diode, the current modulation must be added to the bias current. If the laser is to operate in single mode, the current may not drop below a certain value, and increasing the current modulation too much also increases the nonlinearity of the optical sweep. If the optical frequency modulation is mostly due to thermal effects, as appears to be the case with our laser, increasing the modulation frequency f mod too much also decreases ⌬ f . Others have also reported this effect, as well as the problem caused by larger Doppler shifts. 11 Some laser diodes also have a built in low-pass filter to protect the diode from spikes in the drive current. This, of course, also limits f mod .
New Modulation Scheme
To overcome the explained problem, we have to know if ͉ f D ͉Ͼ f R . Our suggested solution is to include a constant frequency region in the modulation scheme, as shown in sign of f D must be positive, and negative if f 2 Ͻ f 1 . The measured f D can be compared to the calculated one by inserting the measured values of f 1 and f 2 in Eq. ͑6͒. If the difference between the measured and calculated f D is large, we can assume that ͉ f D ͉Ͼ f R , and f R can then be calculated from Eq. ͑7͒.
Choice of Parameters
If the suggested modulation scheme is used, the maximum allowed f D is no longer upper bounded by f R , and as a result we have more freedom when choosing the ⌬ f and T 1 parameters. Note that T 1 in Fig. 2 corresponds to T mod in Fig. 1 . Reducing ⌬ f and/or increasing T 1 decreases the frequency f R for a given range R, as seen in Eq. ͑9͒. Decreasing f R decreases the larger one of the two measured frequencies f 1 and f 2 , and the required bandwidth of the detector can be reduced. By reducing ⌬ f , it is easier to achieve linear modulation and avoid mode hopping by using the laser where the relation between current and frequency is as linear as possible. However, there is one major drawback associated with lowering ⌬ f , since the theoretical spatial resolution ⌬R is given by
i.e., decreasing ⌬ f increases ⌬R.
The maximum achievable range will depend on T 1 . If
This indicates that if the maximum possible range for a selected value of T 1 is desired, measurements can only be taken near the turning points of the frequency modulation waveform, as shown in Fig. 3 . However, commonly the largest realistic flight time is much smaller than the time required to establish linear modulation when the modulation changes from a negative to a positive derivative, or vice versa. Hence that time, rather than the flight time, determines the start of the measurement interval. When the frequency difference between f D and f R is small, and either f 1 or f 2 approaches zero, the measurement interval also determines the lowest measurable beat frequency, since at least one period of the frequency must fit under the measurement interval. The time T 2 must be set large enough for the output laser frequency to stabilize and for a sufficient amount of periods of the Doppler shift to fit under the remaining time. Detecting smaller Doppler shifts requires a longer T 2 . Depending on application and modulation parameters, it can also be advantageous not to include T 2 in each period. In a rapidly scanning system, the introduction of T 2 can lead to less accurate distance measurements, for instance to static walls inside a room.
Measurement Setup
Fiber-based systems are attractive because of their simplicity. Several other authors, for instance in Ref. 11 , have built and reported on systems using a fiber optical coupler in a similar way, as we have done in our experiments. A second attractive alternative is to use a fiber optical circulator instead of a coupler. 13 By using a circulator, the loss of optical power associated with the coupler, as well as other problems described later, can be avoided.
The test system we used is displayed in Fig. 4 . One advantage with this type of system is that a minimum of alignment is required. A local oscillator can be achieved either by a separate reflector at the free fiber end or by utilizing the refractive index difference between fiber core and air at one of the two fiber ends. If we allow two reflections, one at each fiber end, to build up the local oscillator, the interference between the two beams can cause the local oscillator to vary in intensity. This kind of interferometer is very sensitive and responds to small changes in the fiber lengths, caused by, for instance, temperature and pressure changes. In this application, this effect is a disturbance. Including an isolator in the free fiber end would reduce it. Due to the coupler, we also lose a part of both the outgoing and reflected light. The isolator in front of the laser is required to keep reflected light from disturbing the laser.
Our system is built around a 10-mW, 1.51-m onesection DFB laser, where 10 mW is the output power of the laser cavity, which leaves around 1 mW that propagates out of the collimated end in our system. We used nonpolarization maintaining single mode fibers and a 50/50 coupler. By modulating the drive current to the laser, variations in the current influence the cavity optical length, which results in a modulation of the optical output frequency. The cavity Fig. 2 The new modulation scheme with a constant frequency region. optical length is effected by temperature changes and changes in refractive index, both caused by the varying current. In our experiments, the current was swept using our suggested modulation scheme. As no special measures are taken to insure that the resulting optical modulation is linear, this will result in a slightly nonlinear modulation of the optical frequency. At our measuring distance of 0.5 to 1.0 m, and with our choice of modulation parameters, the nonlinear optical sweep will cause the beat frequency to increase slightly during the modulation ramp. If the modulation amplitude is increased, the nonlinearity increases, as expected. Our system also lacks any form of temperature regulation.
The target was coated with retroreflective tape and moved back and forth between 576 to 976-mm distance measured to the fiber end. The movement was controlled using a linear displacement unit, and the laser was driven using voltage waveforms generated in a PC. The voltage was converted to current by our laser drive and protection circuit. The current was ramped from 91.54 to 97.51 mA, and we picked T 1 ϭ8.5 ms and T 2 ϭ1.5 ms. This current modulation was chosen as it gave a fairly linear ramping of the optical output frequency. The diode laser used in our setup has a built-in low-pass filter to protect the diode against spikes in the drive current. This low-pass filter and the fact that T 1 also influences ⌬ f , which is common for our type of laser diodes since the optical frequency modulation is mainly caused by temperature effects, lead to our selected value of T 1 . A decrease in T 1 otherwise resulted in a decrease of ⌬ f . In our case, T 2 was chosen from the required time for the laser frequency to stabilize, and the Doppler shift was measured at the end of T 2 . With a target speed of 0.05 m/s, the target will move approximately 0.5 mm during one measurement period T 1 ϩT 2 .
Measurement Results
Measurements were performed to verify the suggested modulation waveform and to investigate how the constant frequency region would effect the modulation. Our system is under development and the presented data should not be used to critically evaluate range and velocity measurement accuracy. The measurements also serve the purpose of illustrating how a Doppler shift would cause problems, even at relatively low velocities, if regular triangular modulation is used.
As we have a relatively low value of ⌬ f , and a long T 1 , the measured beat frequencies to a stationary target, f 1 and f 2 listed in Table 1 , will be fairly low. The f 1 , f 2 , and f D values in Table 1 were obtained by measuring the mean value of the last ten periods for each modulation ramp N number of times. The clear difference between f 1 and f 2 appears to be caused by the insertion of the T 2 region, since the laser cavity temperature decreases during T 2 . A slight difference between f 1 and f 2 is always present due to the triangular modulation form. This difference also increases with the amplitude of the current modulation. But with our modulation parameters and with T 2 ϭ0, the difference between f 1 and f 2 was negligible. From all ten listed values Fig. 4 Our measurement setup using a simple fiber-based system and tunable laser diode. of ⌬ f , we obtained an overall mean ⌬ f of 4.885 GHz. From this ⌬ f and the measured mean values of f 1 and f 2 , we calculated the approximate distance using Eq. ͑10͒. In this case both the difference in ⌬ f on the up and down ramps and the nonlinear optical sweep are assumed to be the main contributors to the overall error. Normally one would assume a constant distance during one period and use both f 1 and f 2 to calculate the range, which brings the calculated values closer to the real values for our measurements.
In the experiments outlined before, we performed measurements to a fixed target at a known distance. This was done to calibrate the system and to obtain an approximate value of ⌬ f . In the lab, ⌬ f appears to be pretty stable, since the temperature in the room is approximately constant. In our setup we also have a fixed beat frequency resulting from internal reflections in the system. Part of the local oscillator wave is reflected at the fiber-photodiode junction. This reflection will travel back through the coupler and a second reflection will occur at the fiber airjunction. When that reflection reaches the photodiode, it will be mixed with the local oscillator wave. The obtained beat frequency can then be used to calculate ⌬ f , since the fiber length involved is known. By monitoring that beat frequency, it should be possible to continuously calibrate the system. In a system lacking this type of reflection, for instance a system built around a fiber optical circulator, a fixed reference beat frequency can be obtained by inserting a coupler before the circulator and have that signal travel down a reference path of known length. That signal can then be mixed with the local oscillator signal using a second coupler.
Some simultaneous measurements of f 1 , f 2 , and f D against a moving target were also performed. For the case in Fig. 5 , we obtained f 1 ϭ59.88 kHz, f 2 ϭ73.26 kHz, and f D ϭ65.79 kHz. Since f 2 Ͼ f 1 , the sign of f D must be positive. The edgy and fat appearance of channel 2 is a result of the oscilloscope display. Inserting the measured values of f 1 and f 2 in Eq. ͑6͒ gives f D ϭ6.69 kHz. Since the measured f D is significantly different compared to the calculated one, we can assume that ͉ f D ͉Ͼ f R and Eq. ͑7͒ gives f R ϭ6.69 kHz. From our calculated mean ⌬ f , this would correspond to a distance of 873.32 mm. In this measurement, the target was moved between 776 and 876 mm. The measurements verify the modulation scheme and show how it can avoid errors that can be problematic at short distances even for relatively low velocities. If regular triangular modulation were used, a laser source similar to the one in our test system would not be suitable for many types of applications. For instance, if the intended application is robotic navigation or just plane range scanning in an environment containing moving objects, even a relatively low velocity can result in ͉ f D ͉Ͼ f R .
Conclusion
We have presented a new FMCW modulation scheme that avoids errors resulting from Doppler shifts larger than the frequency associated with the range. The modulation scheme was tested and verified using a tunable laser diode and a fiber-based system. One advantage to using this modulation scheme is that it no longer becomes necessary to increase ⌬ f and/or f mod to deal with larger Doppler shifts. This is especially useful when using a somewhat cheaper laser diode, since the maximum obtainable ⌬ f and f mod can be limited. The gained freedom when choosing the system parameters can also simplify both the detection task, by lowering the required bandwidth, and the task of achieving linear modulation by sacrificing spatial resolution. One disadvantage observed in our systems is an increased difference between the measured f 1 and f 2 as T 2 is inserted. In some systems, the drawback of this effect can be reduced by not including T 2 in each modulation period.
Our experimental system used to verify the modulation waveform is primitive and in an early stage of development. By replacing the coupler with a fiber optical circulator, improving the linearity of the optical sweep, and tuning both receiver optics and electronics, we aim to improve the performance of our system up to a point where measurements to diffuse targets at ranges up to 10 m can be performed. Continuous calibration can then be achieved by adding a reference path of known length to the fiber optical circulator-based system and mixing the reference signal with the local oscillator signal.
